Long-term potentiation results from spiking in one cell of an electrically coupled pair. Asymmetry of synapses increases following unidirectional activity. We suggest a calcium-based rule for electrical synapse plasticity.
Introduction 22
The thalamic reticular nucleus (TRN) is a central brain region exclusively comprising 23 inhibitory neurons that gate the bidirectional flow of information between thalamus and cortex, 24 and ultimately regulate the cognitive process of attention (Halassa et al., 2014; Kimura, 2014; 25 McAlonan et al., 2006; Sherman, 2016; Zikopoulos & Barbas, 2012) . Like all thalamic neurons, 26 TRN neurons fire action potentials in two modes (Contreras et al., 1992) . Bursts, which feature 27 a slow calcium spike from a T-type calcium current (Huguenard & Prince, 1992) , 1993) , are a feature of absence epilepsy (Fuentealba & Steriade, 2005) , and are reduced in 31 schizophrenics (Ferrarelli & Tononi, 2011) . Regular tonic spikes, in contrast, are prevalent 32 during attentive behaviors (Pinault, 2004) . Because the main mode of intra-TRN communication 33 is its dense electrical synapses (Hou et al., 2016; Landisman et al., 2002) , understanding how 34 and when electrical synapses change in strength during these two modes of activity is key for 35 understanding attention processes and rhythm generation. 36
In the mature mammalian brain, electrical synapses are composed of paired hexomers 37 of connexin36 that pass ions and small molecules, and mainly couple inhibitory GABAergic 38 neurons (Bennett & Zukin, 2004; Connors & Long, 2004; Galarreta & Hestrin, 2001) . Electrical 39 synapses contribute to synchrony in coupled networks (Chow & Kopell, 2000; Destexhe, 1998 ; Whittington & Traub, 2003) and regulate timing of 42 spikes in the neurons they couple (Haas, 2015; Pham & Haas, 2018 , 2019 . Despite their 43 prevalence and function between spiking neurons across the brain, the effects of neuronal 44 activity on connection strength remain sparsely characterized. A line of work in non-mammalian 45 nervous systems has demonstrated the possibility for central electrical synapses to undergo 46 plasticity (McMahon et al., 1989; Pereda & Faber, 1996; Welzel & Schuster, 2018; Yang et al., 1990 ). In the mammalian brain, synaptic input has been shown to modulate mammalian 48 electrical synapses in the inferior olive (Lefler et al., 2014) in an NMDA-dependent manner 49 (Mathy et al., 2014; Turecek et al., 2014) , and tetanic glutamatergic input to coupled TRN 50 neurons results in long-term depression (LTD) (Landisman & Connors, 2005) . The impact of 51 spiking in coupled neurons on electrical synapses is much less well understood. We previously 52 showed that LTD of electrical synapses in TRN also follows bursting activity of coupled neurons 53 (Haas et al., 2011) in a calcium-dependent manner (Sevetson et al., 2017) , but a link between 54 activity in coupled neurons and strengthening of the synapse has remained elusive. 55
Here we demonstrate, using dual whole-cell patch recordings, that long-term potentiation 56 (LTP) of electrical synapses in the TRN follows low-frequency spiking in one of the cells. LTP is 57 specific to single-cell activity, and depends on calcium influx. We show that the increase in 58 coupling strength is expressed in an asymmetrical manner that depends on the direction of 59 synapse use. Combined with results of calcium imaging during activity, our work leads us to 60 propose a calcium-based activity dependent plasticity rule for electrical synapses. 61
Results 62
Thalamic neurons fire action potentials (APs) in two modes: from hyperpolarized resting 63 potentials, bursts of calcium spikes crowned by a quick sequence of sodium spikes; and from 64 depolarized rests, regular (tonic) sodium spikes ( Fig. 1A) . Having previously established that 65 bursting in coupled TRN neurons leads to long-term depression of the electrical synapse 66 between them (Haas et al., 2011) as a result of large-conductance, T-channel mediated calcium 67 influx during bursts (Sevetson et al., 2017) , we reasoned that tonic spikes and smaller calcium 68 influx might lead to potentiation of electrical synapse strength. In order to minimize activation of 69 the low voltage-activated T-type calcium current that underlies bursts, we added the specific 70 antagonist TTA-A2 (Kraus et al., 2010) (1 µM) to the ACSF bath solution. We applied steady 71 current to raise the membrane potential of one cell of a coupled pair at or above -55 mV, again 72
to minimize the T current, while maintaining its coupled neighbor at -70 mV. We measured 73 electrical coupling in each direction separately ( Fig. 1B) . We then applied small-amplitude, long 74 pulses of current to the depolarized cell to induce non-continuous tonic spiking for 5 minutes, 75 resulting in a spiking frequency of 5 -10 Hz (Fig. 1C ). After 5 minutes of tonic spiking activity in 76 one neuron, coupling conductance measured from the quiet cell into the active cell increased on 77 average by 15.5% ± 2.3% (pt = 0.004) and coupling coefficient in the same direction increased 78 by 13.6 ± 2.2% ( Fig We hypothesized that the LTP we observed might be dependent on the smaller amounts 92 of calcium influx from high-voltage activated channels (Budde et al., 1998) . When we repeated 93 single-cell tonic spiking in TTA with BAPTA in the pipettes to rapidly chelate all influxed calcium 94 within both neurons, we observed no LTP ( Fig. 2C ; pt > 0.05 for both directions of changes in cc 95 or GC, n = 7 pairs). Single-cell spiking in unmodified ACSF also failed to induce changes in 96 synaptic strength ( Fig. 2D ; pt > 0.05 for both directions of changes in cc or GC, n = 9 pairs). 97
Together, these results outline a calcium dependence of plasticity: minimal influx of calcium 98 during single-cell tonic spiking, possibly buffered by the quiet cell, leads to LTP, while larger 99 influx of calcium during paired tonic spiking activity exceeds that required for LTP, instead 100 activating the mechanisms leading to LTD (Sevetson et al., 2017) . 101
Our hypothesis that the LTP we saw arose from the minimal amount of calcium influx 102 revealed by TTA and depolarization of the active cell led us to further investigate differences in 103 calcium influx and transmission across the gap junction during the two different modes of 104 induced activity. We therefore performed imaging experiments of pairs with the calcium indicator 105
OGB-1 included in the internal solution ( Fig. 3A1 ). We drove one cell to spike either in bursts or 106 in tonic mode, while we held the quiet cell in held in voltage-clamp mode at -70 mV to minimize 107 calcium signals arising from voltage-activated channels. During the induced bursting in one cell 108 that leads to LTD (Haas et al., 2011), both peak and integrated calcium levels were higher in the 109 active cell and in the quiet coupled neighbor than during induced tonic spiking ( Fig. 3A2-A4 ). As 110 a negative control, we repeated the imaging in a non-coupled pair ( Fig. 3B1-4 ). Quantification of 111 peak and integrated calcium signals in the quiet, coupled cells ( Fig. 3C , D) both indicate that 112 less calcium flows across the gap junction during tonic spiking than during bursting (for AUC, -113 25.2 ± 10.6%, ps = 0.06; for peak calcium, -56.6 ± 10.9%, ps = 0.03, n = 6 pairs). 114
The LTP we observed that resulted from single-cell activity was expressed 115 asymmetrically: coupling into the active cell increased, while coupling into the quiet cell 116 decreased ( Fig. 1 ). To examine whether this asymmetrical plasticity was consistent across 117 pairs, we computed asymmetry as the ratio of coupling measured into the active cell, divided by 118 coupling measured from the active cell. Those ratios consistently increased after LTP induction 119 for both coupling coefficient ( Fig. 4A ; mean increase 24.3 ± 6.2%, pt = 0.0015, ps = 0.008, n = 120 noted that some pairs went from initially symmetrical, to finally asymmetric, and vice versa. 122
Changes in coupling asymmetry were uncorrelated with changes in Rin ratios (R 2 = 0.39 for cc 123 and 0.03 for GC). These results are consistent with the asymmetrical changes we also observed 124 for burst-induced LTD (Haas et al., 2011) in that both asymmetrical LTP and LTD required 125 sodium spikes, and changes were larger for coupling measured into the active cell. These TRN neurons demonstrate that ongoing plasticity of electrical synapses is likely to occur in the 143 active brain. As calcium rules are common for chemical synapses, we expect that calcium 144 dependent rules, possibly in different forms, will underlie plasticity of electrical synapses across 145 the brain. 146
The magnitude of LTP-induced changes in electrical synapse strength are similar in 147 magnitude to our previous demonstration of LTD, less than 20% (GC or cc). These are modest 148 changes relative to those often demonstrated at chemical synapses driven by tetanic 149 stimulation. A direct comparison between synapse types and plasticity would need to account 150 for differences in subcellular localization differences and differences in function, for instance 151 spike efficacy. However, for LTD we showed that these changes were sufficient to silence a 152 synapse, from one that induces spikes in neighbors, to an ineffective synapse (Haas et al., 153 2011) . Further, these numerically modest changes in synaptic strength yield 5-10 ms changes in 154 spike times in coupled neighbors (Haas, 2015) . Computational models reinforce the 155 effectiveness of changes in coupling in this range (Pham & Haas, 2018 , 2019 . Thus, even 156 seemingly modest changes in electrical synapse strength produce physiologically substantial 157 effects, and are poised to exert major influence on TRN synchrony and processing. 158
Our experiments required minimization of T currents by TTA in order to reveal conditions 159 favorable for LTP at electrical synapses. While this is not strictly a physiological condition, we 160 expect that together with depolarization of the active cell, these perturbations were necessary to 161 counterbalance the artificial quiescence and hyperpolarization of the brain slice preparation, in 162 which almost any depolarization of thalamic neurons activates T currents and thereby LTD. We 163 expect that LTP is more likely to occur in vivo during prolonged depolarizations when tonic 164 spiking dominates spiking patterns (Pinault, 2004) . We further hypothesize that during tonic 165 spiking in one neuron, calcium influx into the active cell is buffered across the gap junction by 166 the quiet cell (Fig. 2, 3) . Together, these results imply that LTP can be initiated by tonic spikes in 167 single neurons, and subsequently counterbalanced by LTD resulting from bursts; together, 168 these form a bidirectional basis for active neurons to modify the gain of their inputs. the gap junction. Asymmetry can strongly influence spike times in coupled pairs (Sevetson & 194 Haas, 2015) and thereby impact cortical discrimination through the thalamocortical circuit (Pham 195 electrical synapses, such as that found in direction-sensitive retinal ganglion cells (Yao et al., 197 2018) . 198
Based on our previous and current work, we propose a calcium rule for bidirectional 199 activity-dependent plasticity at electrical synapses. This rule is 'inverse' to those described for 200 chemical synapses, where smaller calcium influx produces LTD while larger influxes lead to LTP 201 depend on NMDA-regulated calcium entry (Pereda & Faber, 1996; Yang et al., 1990) . Recent 208 work has also shown that spiking-initiated calcium entry leads to potentiation for up to 10 min. at 209 an invertebrate electrical synapse (Welzel & Schuster, 2018) . While not directly examined, our 210 results imply that the threshold between the concentration of calcium for LTP and LTD is rather 211 low, as even paired tonic spiking fails to induce LTP, and the T current that underlies burst-212 induced LTD is active at rest potentials. This bias of plasticity towards LTD, however, could be 213 specific to brain-slice conditions, as addressed above. We find it likely that electrical synapses 214 across the brain follow a calcium-based rule for plasticity, although non-bursting neuronal types 215 may alternatively follow a different rule. All experiments were performed in accordance with federal and Lehigh University IACUC animal 237 welfare guidelines. Sprague-Dawley rats of both sexes aged postnatal day 11-15 were 238 anesthetized by inhaled isoflurane (5 mL of isoflurane applied to fabric, within a 1 L chamber) 239 and sacrificed via decapitation. Horizontal brain slices 300-400 µm thick were cut and incubated 240 in sucrose solution (in mM): 72 sucrose, 83 NaCl, 2.5KCl, 1 NaPO4, 3.3 MgSO4, 26.2 NaHCO3, 241 22 dextrose, 0.5 CaCl2. Slices were incubated at 37°C for 20 min following cutting and returned 242 to room temperature until recording. The bath for solution during recording contained (in mM): 243 126 NaCl, 3 KCl, 1.25 NaH2PO4, 2 MgSO4, 26 NaHCO3, 10 dextrose and 2 CaCl2, 300-305 244 mOsm L −1 , saturated with 95% O2/5% CO2. The submersion recording chamber was held at 245 averages of a set of 10 measurements, repeated every 2 min. Coupling conductances GC were 282 estimated separately for each direction (Fortier, 2010; Sevetson & Haas, 2015) . Experiments 283 were discarded if input resistance Rin of either cell deviated from its initial value by more than 284 20%. Changes in coupling were evaluated as the average over the first 20 minutes following 285 activity, compared to the normalized baseline values, and are reported as means ± SEM. We shown for each direction, before and after stimulated spiking, normalized to pre-activity values 303 (for GC quiet→ active, ΔGC = 15.5 ± 2.4%, pt = 0.004; for GC active→ quiet, ΔGC = -1.5 ± 0.5%, 304 pt = 0.78; n = 12 pairs). F) cc for each direction (for quiet→ active, Δcc = 13.6 ± 2.2%, pt = 0.01, 305 n = 12; for active → quiet, Δcc = 7.6 ± 0.5%, pt = 0.018; n = 12 pairs). G) Input resistance for 
